ABSTRACT: Reactivity of monolayer protected atomically precise clusters of noble metals is of significant research interest. Till date very few experimental data are available on the reaction thermodynamics of such clusters. Here we report a calorimetric study of the reaction of glutathione (GSH) protected silver clusters in presence of excess ligand, GSH using isothermal titration calorimetry (ITC). We have studied Ag11(SG)7 and Ag32(SG)19 clusters and compared their reactivity with GSH protected silver nanoparticles (AgNPs) and silver ions. Clusters show intermediate reactivity towards excess ligand compared to nanoparticles and silver ions. Several control experiments were performed to understand the degradation mechanism of these silver clusters and nanoparticles. Effect of dissolved oxygen in the degradation process was studied in detail and found that it did not have a significant role, although alternate pathways of degradation with the involvement of oxygen cannot be ruled out. Direct confirmation of the fact that functionalized metal clusters fall in-between NPs and atomic systems in their stability is obtained experimentally for the first time. Several other thermophysical parameters of these clusters were also determined including, density, speed of sound, isentropic compressibility and coefficient of thermal expansion.
INTRODUCTION
Monolayer protected atomically precise clusters of noble metals are an emerging class of materials composed of welldefined metal cores and ligand shells. [1] [2] Starting from phosphine ligand protection [3] [4] [5] in the early period of this work, thiol ligands are used most extensively these days. While the use of water-soluble ligands is limited, [6] [7] [8] [9] [10] organic-soluble thiols are commonly used for the synthesis of clusters. [11] [12] [13] [14] [15] [16] [17] Although single crystal structure is the most preferred way to understand the atomic framework of these materials, only a few silver clusters have been crystallized so far. [17] [18] Most of the cluster compositions have been deduced from their optoelectronic properties and mass spectral signatures, especially in the case of silver. 6-8, 10-16, 19-31 Organic-soluble clusters are more stable than their water soluble analogues due to the inherent tendency of degradation of such species in aqueous media. Glutathione, a tri-peptide (GSH), mercaptosuccinic acid (MSA) and mercaptobenzoic acid (MBA) are the commonly used watersoluble ligands for silver cluster synthesis. 8-10, 14, 28 Among the water-soluble ligands, GSH has been used extensively for synthesizing gold and silver clusters in aqueous medium. High fluorescence quantum yield, aggregation induced luminescence enhancement, bio-viability, high degree of cellular uptake, antimicrobial activities are a few topics where intense research has happened using GSH protected noble metal clusters. 9, 28, [32] [33] [34] [35] [36] As mentioned, these clusters undergo degradation with time if they are in solution. The rate of degradation varies depending on the ligand and metal core composition. For example, glutathione protected silver clusters are more stable than MSA protected clusters in solution. However, there have been no systematic studies of the reactivity of clusters in the context of their thermodynamic stability in solution. The first report on alloying of different nanoparticles were studied by Toshima et al., where they found highly exothermic reactions while alloying Ag/Pd/Pt/Rh nanoparticles. 37 Isothermal titration calorimetry (ITC) is a powerful tool to find parameters of reactions in solution. [38] [39] In a typical ITC experiment, analyte is titrated against the reactant at a constant temperature. A fixed amount of reactant is injected through a syringe and a constant power is applied to maintain the same conditions in the reactant and reference cells (filled with the same solvent). While mixing of two reactants, the heat released/absorbed has to be compensated by the power supply. This change is observed as a thermograph, which may be converted to heat change, and an appropriate fit will provide the desired thermodynamic parameters. In the beginning, enough reactants are available to interact and hence one may observe a sharp heat change. As time goes on, more and more analyte is consumed and the heat change will decrease until all the analyte is consumed. Once the reaction is over, some heat change will still be observed due to heat of dilution. The peaks are integrated to acquire total heat change during the reaction. From a proper fitting of the data, binding sites (N), rate constant of the reaction (k), enthalpy change (ΔH) and entropy change (ΔS) can be calculated, using the change in Gibbs free energy (ΔG).
In the case of monolayer-protected clusters, stability depends on many factors. When there is excess ligand, it interacts with existing clusters and finally degrades to smaller chain thiolates. In a standard synthesis of thiolate protected 2 clusters, metal thiolates are reduced to clusters using a reducing agent in solution.
28 Thus the reverse reaction, i.e., clusters decomposing to thiolates can be used to find their thermodynamic stability. 40 This is also the case of nanoparticles protected with thiolates. In view of this, we have designed a condition to study the thermodynamic parameters of the reaction of glutathione protected silver clusters and excess glutathione, using ITC as the method. We used two different clusters, namely, Ag32(SG)19 9 and Ag11(SG)7 6 and the heat change was compared with Ag NPs protected with GSH. Among the various available clusters, we have chosen these two as they were characterized previously, stable in water and react with glutathione in the experimental conditions and the reaction goes to completion.
EXPERIMENTAL Materials:
Silver nitrate (AgNO3, 99%), glutathione reduced (GSH, 97%, Aldrich), sodium borohydride (NaBH4, 99.99%, Aldrich), ethanol (HPLC grade, 99.9%, Aldrich) and methanol (HPLC grade) were used as received and all the chemicals were used without further purification. MilliQ water was used throughout the experiments.
Instrumentation: Isothermal calorimetric studies were conducted in a GE Healthcare Microcal iTC200 instrument. The optimized parameters were as follows: Cell Temperature: 30-50°C; Reference Power: 8 µcal/sec; Initial Delay: 60 sec; Stirring speed: 500 RPM; Volume of sample in Cell (cluster, nanoparticles etc.): 200 µL and Volume of sample in syringe (GSH): 40µL.The data were fitted using Origin software. The instrument is calibrated using ethylenediaminetetraaceticacid (EDTA) and CaCl2.
ESI MS analyses were carried out using a Waters Synapt HDMS instrument. Spectra were collected in the negative mode for a mass range of m/z 100-2000 and data were averaged for 300 scans. All the spectra were collected at a source voltage of 500 V. Source temperature and desolvation temperature were set at 120 and 200°C, respectively. Flow rate was set at 5 µL/min. Masslynx 4.1 software was used for analyzing the data.
For UV-vis absorption spectra, a Perkin Elmer Lambda 25 instrument was used and the spectra were collected in the range of 200-1100 nm with a band pass of 1 nm. X-ray photoelectron spectroscopy (XPS) measurements were done using an Omicron ESCA Probe spectrometer with polychromatic Mg Kα X-rays (hν = 1253.6 eV) and the data were analyzed by CasaXPS software.
Density and speed of sound were measured using an Anton Paar (DSA 5000M) instrument. It can measure the density from 0 to 3 g.cm -3 and speed of sound from 1000 to 2000 m.s -1 with accuracies of 1×10 -6 g.cm -3 and 0.1 m.s -1 , respectively. The instrument enables us to measure both the properties simultaneously, where the temperature was controlled by built in Peltier thermostat with a temperature accuracy of 0.001°C. The instrument was calibrated with dry air and Millipore water at regular intervals of time.
Synthesis of Ag11(SG)7: Ag11(SG)7 was synthesized following a previously reported method. 6 Briefly, 650 mmol of GSH was added to 50 mL of MeOH under ice cold conditions and stirred for 10 minutes. About 130 mmol of AgNO3, dissolved in 0.5 mL of Millipore water was mixed with the GSH solution and the mixture was stirred for 15 minutes to form silver thiolates. About 7 mL (1.4 mol) of ice cold sodium borohydride was added to the mixture drop-wise. The solution was stirred for another 15 minutes for complete reduction of Ag-thiolates to clusters. The as-formed clusters were not completely soluble in methanol and they started precipitating. Excess MeOH was added for complete precipitation. The sample was centrifuged at 7000 rpm and washed repeatedly with methanol to remove the excess ligand and thiolates. The precipitate was dried using rotavapor to obtain a dry powder. Synthesis of Ag32(SG)19: Ag32(SG)19 was synthesized following the solid state synthesis method reported previously. 9 In a typical synthesis, 200 mg of glutathione (GSH) was mixed and ground with 23 mg of AgNO3 using a mortar and pestle. Thus formed AgSG thiolates were reduced by 50 mg of NaBH4. Successful cluster formation was confirmed by the color change to dark brown. The sample was dissolved in deionized water and excess MeOH was added to precipitate the cluster. The precipitate was centrifuged at 8000 rpm and washed repeatedly with MeOH. The reddish brown sample was then freeze dried to get a dry powder.
Synthesis of AgNPs@SG: Ag NPs were synthesized in solution by mixing 8.5 mg of AgNO3 in 100 mL of 1 mM aqueous GSH. The color changed from colorless to pale yellow. The AgSG thiolates in solution were reduced by 1 mM 7 mL NaBH4. Once the solution changed to yellow, 15 mg GSH was added and the mixture was incubated for 4 h till a dark yellow solution was achieved.
Measurement of pH:
In order to compare the true change in pH during degradation of the cluster, the following experiment was performed. To 1 mM of Ag32(SG)19, fixed volumes of 10 mM GSH was added and the pH change was measured after 10 min. Data corresponding to 5 such additions are presented in supporting information. As free GSH, upon dilution, can also result in a pH change, this effect was subtracted by conducting a separate experiment. In this, the pH change due to dilution of GSH was measured after each aliquot as above (5 in all).
3. RESULTS AND DISCUSSION 3.1. Reaction of Ag32(SG)19 vs. GSH Ag32(SG)19 and Ag11(SG)7 were prepared following the previously reported methods. 6, 9 In view of their reported properties, characterization of clusters is not discussed here. About 1 mM purified cluster solution was used for the reaction and the ligand concentration was varied accordingly to get a proper saturation curve in ITC. Figure 1A shows a real time thermograph of Ag32(SG)19 vs. GSH titration (top) and corresponding heat change is shown in the bottom panel. The data were fitted using a one site model and the corresponding thermodynamic properties are listed in Table 1 . Different fitting models were tried but the best fit was achieved using the one site model and hence all the data presented here were fitted using this model. 
A) B) C) D)
In the one site model, it is assumed that the cluster has one type of binding site; which may be multiple number of identical sites, in terms of reactivity. We have performed several concentration-dependent studies to get the exact ratios of cluster and glutathione. At lower concentrations of GSH (5 mM) (see Figure S1 ), the binding constant was lower (3.5×10 4 M -1 ) and it took longer time to reach the end point. At a higher concentration of GSH (10 mM), the binding constant was larger (1. Table 1 . Photographs of the cluster before and after reaction are shown as inset of B. During titration, colored Ag32(SG)19 clusters react with GSH and form colorless thiolates where silver is in Ag + state as revealed from XPS, shown in C). UV-vis absorption spectra D) of Ag32(SG)19 before and after titration with GSH.
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ΔG=ΔH-TΔS
Where, Keq or K is the equilibrium constant, [X] is molar equilibrium or actual concentration of species X, ΔG° is standard Gibbs free energy change, R is universal gas constant, T is temperature in Kelvin, ΔG is actual free energy change and ΔS is the entropy change for complex formation. [41] [42] The reaction studied may also be considered as first order or pseudo-first order, when pH is not changing significantly and when one of the reagents is in excess.
In all cases, the reactions are exothermic in nature. As two species are reacting to give one type of product, the entropy change is negative. Overall free energy is negative (-7.28×10 3 cal/mol) mainly due to highly negative enthalpy change (-1.67×10 4 cal/mol). So the reaction is thermodynamically favorable and enthalpy driven. Consolidated data are listed in Table 1 . Ag32(SG)19 was well characterized by mass spectrometry in the previous work by Rao et al. 9 After the reaction, the product was analyzed by ESI MS which showed peaks at m/z 414, 1134, 935, and 1548 due to AgSG -, Ag2(SG)3 -, Ag3(SG)2 -, and Ag3(SG)4 -, respectively 6, 9 (see Figure 2 ). All of these thiolates are formed when Ag + reacts with GSH. From the experimental ITC data, binding sites are always less than one which can be justified in terms of the conversion of a cluster to linear thiolates, (AgSG)n. In Ag32SG19, the SG:Ag ratio is 0.59, which becomes 1 in a linear (AgSG)n thiolate. Thus the increase in binding sites is only 0.41. The value measured is 0.6, difference observed appears to be due to the various linear thiolates formed, which have larger SG:Ag ratios. Reaction between 1 mM Ag32(SG)19 and 10 mM GSH is shown in Figure 1A . Photographs of the cluster before and after reaction are shown in the inset of B). As all the clusters have degraded, the solution became colorless (Ag thiolates are colorless) which is clearly visible in the photographs. This was again proven from an XPS study where oxidation state of silver has changed from 0 to +1 confirming the degradation of the cluster in presence of excess glutathione. Note that in the case of Ag(I), the binding energy (BE) is lower than in Ag(0) by 0.5 eV. 43 The cluster to begin with is close to Ag(0) and after the reaction the BE is lowered. The data were further verified using UV-vis absorption spectroscopy. Ag32(SG)19 cluster has characteristic peaks at 485and 427 nm which are completely absent after reaction with GSH and a sharp peak appeared at 360 nm due to thiolate formation, which was independently tested. 9 Previous reports by Shen et al., and Bellina et al., on Ag-thiolates suggest the absorption maximum to be around 260-280 nm. [44] [45] When GSH and Ag + react separately, the thiolates formed show absorption at ~280 nm [44] [45] along with another peak at 360 nm. While the peak at 280 nm was attributed to smaller thiolates, the latter at 360 nm was attributed to polymeric (AgSG)∞. 45 In the present study, similar absorption feature was observed for the products obtained from the reaction of clusters or nanoparticles (see later) with excess GSH. In this process, GSH can react with each other and dimeric and polymeric GSSG may form. While smaller thiolates could be detected by ESI MS, the polymeric thiolates were too heavy and could not be detected.
The reaction was conducted at three different temperatures (see Figure S3 and S4). The data are listed in Table  1 . To validate our method, we have used another glutathione protected Ag cluster, Ag11(SG)7 for a similar degradation study. In this case, degradation of the cluster in presence of excess GSH was faster than for Ag32(SG)19 under similar reaction conditions indicating less stability of the Ag11(SG)7 cluster in the mentioned experimental condition. When 1 mM Ag11(SG)7 was reacted with 7.5 mM of GSH, the reaction was almost complete within 5 injections and the binding constant was 5.15×10 5 M -1 , 6 times higher than the binding constant of Ag32(SG)19 under similar conditions (Figure 3 ). The reaction is strongly enthalpy driven which dominates the total free energy change and is more negative than Ag32(SG)19 (see Table 1 Note that AgSG is not the only thiolate that is formed during the degradation process, some other thiolates such as Ag2(SG)3, Ag4(SG)4 were also formed ( Figure 2) . Also note that, these are not written as a redox reaction and may be used purely for understanding the mechanism. There might be many other pathways and steps which are involved in the degradation process. In the present study, only the lowering of pH through proton release is observed (see later).Ag11(SG)7 has three characteristic absorption features at 487, 437 and 393 nm which disappeared after the reaction with the appearance of a new peak at 360 nm due to thiolates. In Ag11(SG)7cluster, SG:Ag ratio is 0.63. After thiolate formation, it is expected to create a binding site increase of 0.37. The experimental binding site was found to be 0.41 which is due to different types of thiolates as discussed in case Ag32(SG)19. A temperature dependent study ( Figure S6 ) suggests that the products formed are comparable and the total free energy change in all the cases is nearly the same. The data are listed in Table 2 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Reaction of AgNP@SG vs. GSH
We have further extended our study to GSH capped AgNPs. We have synthesized AgNPs protected with GSH of ~ 20 nm diameter and carried out the ITC study ( Figure 4 ). Detailed characterization of the nanoparticles is shown in Figure S6 and S7. When 10 mM GSH was allowed to react with 3.6×10 -8 mM of AgNP, we found a large enthalpy change (-3. 43×10 9 cal/mol). The reaction is dominated by enthalpy. The binding constant was found to be very high (10 5 times more than the clusters, note that here all the rates are in M -1 . Also note that, all the rate constants are presented as per mol of reactant). High number of binding sites indicate involvement of core Ag atoms in the reaction to form thiolates which is reflected in the UV-vis absorption spectra. Typically, AgNPs show a surface plasmon band centered at 407 nm which was absent after the degradation, and two new peaks at 280 nm and 360 nm (similar to Ag32(SG)19 and Ag11(SG)7 cases). At lower GSH concentrations (7.5 mM), there is a shoulder peak at 407 nm indicating the incomplete degradation of the AgNPs to thiolates, indicating incomplete reaction (Figure S8) . The thermodynamic parameters are listed in Table 3 . Table 3 : Thermodynamic parameters of AgNP@SG vs. GSH reaction.
Reaction of AgNO3 vs. GSH
Finally, we compared these reactions with Ag + vs. GSH reaction where we used 1 mM AgNO3 and titrated against 10 mM GSH. Here, we observed nearly 1:1 binding of GSH towards Ag + ( Figure 5 ). The thiolate formed in this reaction is also comparable with the degradation product of the two clusters studied. This observation was supported by comparing the ESI MS data of the thiolates formed by direct reaction of Ag + and GSH with degradation product of the clusters. In both the cases, the thiolates formed are similar in nature (Figure 2 ). Looking carefully into gold/silver cluster structure, they have a core, generally composed of metals in oxidation state (0), and the shell is always made of metal thiolates (M-SR), where the metal is in +1 oxidation state (+1 for Ag/Au) and the ligand is RS -. Thus ligand protected clusters can be represented as M(0)nM(I)mSRy. Generally, m = y as -SR is in the thiolate (SR -) form. However, in several cases, m and y are not the same. Besides, there can also be an overall charge of the cluster to attain a stable electronic structure and the formula becomes, M(0)nM(I)mSRy(z±). For example, Au25SR18 has 18 thiolates which makes it possible to be considered as Au(0)7Au18(I)SR18; in this case, the cluster as a whole acquires one electron to make a closed shell structure (of 8 electrons, counting one electron each of Au7 and one extra charge). The structure may be formally considered as Au (0) 
B)
Please note that the equation is not charge balanced. Detailed mechanism is given below. The number of protons released may be different depending on the charge state of the cluster. One important aspect that can be checked to ascertain the reaction is the change in pH. We see that the pH decreased slightly during the decomposition reaction ( Figure S9 ) when the experiment was done outside the calorimeter keeping the same final concentration of the reactant as discussed earlier.
During addition of GSH to pure water or cluster solution, pH of the solution decreases from the initial pH and hence pH change is denoted with a negative sign. Change of pH during addition of GSH to water was subtracted from pH change during addition of GSH to the cluster solution and this value was denoted as ΔpH. As pH change during GSH addition to cluster was higher than its addition to water, ΔpH value appears negative. During reaction of 10 mM GSH with 1 mM Ag32(SG)19, overall pH change was -0.73. The pH change due to dilution of 10 mM GSH was -0.60 and hence ΔpH was -0.13. Therefore, the additional lowering of pH was due to the release of protons during the degradation process. Estimated ΔpH for the degradation was -0.09 which is close to the observed value of -0.13, for Ag32(SG)19. The observed variation may arise due to other factors such as additional reaction pathways involved as discussed earlier, variation in ionization in presence of thiolates, etc. Similarly, for the reaction of 1 mM Ag11(SG)7 vs. 7.5 mM GSH, the estimated ΔpH was -0.12, close to the experimental value of -0.10. 
Effect of Oxygen:
This reaction can be affected by dissolved oxygen in the medium as shown recently by Ackerson et al. where they have studied thiol induced etching of nanoparticles and the role of dissolved oxygen in the process. 46 As the reaction was performed solely in water, there is a high probability that dissolved oxygen may play some role. This can result in various oxygenated sulphur species. In an experimental set-up, it was not possible to maintain perfect inert atmosphere in the reaction cell while doing the experiment in a standard microcalorimeter. However, for any experiment done in a microcalorimeter, it is a general practice to purge the sample with nitrogen to avoid air bubbles, the presence of which can lead to large heat change, and the data could be misleading. Same procedure was followed here too. Therefore, the effect of dissolved oxygen is expected to be less significant here. Thermograph obtained from with and without nitrogen purging for the samples were compared and there was not much difference in the results. The comparison is shown in Supporting Information ( Figure S10 ) and the data are listed in Table 4 . From the data it is clear that dissolved oxygen is not playing role in the degradation process. It may have some role in longer time scale which is not of relevance to the present study. To understand the effect of dissolved oxygen in more detail, a systematic study was performed. Experimental conditions used during ITC measurement were reproduced in normal laboratory condition (outside the ITC instrument) where better control on parameters is possible. Ag11(SG)7 cluster was used for this study. The concentration of cluster and GSH obtained from ITC experiment for complete degradation of the cluster was used in this case. Briefly, about 1 mM cluster was dissolved in milliQ water and 10 mM GSH was added and UVvis absorption spectra were monitored for the mixture. Nitrogen was purged in milliQ water for 1 h and the water was used for dissolving the cluster and GSH. All dilution was also performed with N2 purged water for UV-vis studies. This N2 purged water is expected to be free of any dissolved oxygen and the data obtained was used as standard for comparison. The data are compared in Figure 6 . Degradation of the cluster in presence of excess GSH followed similar order in both N2 purged and regular milliQ water which indicates there might not be any effect of the dissolved oxygen. In a similar ways O2 was purged for an hour and the water was used as O2 rich water. In this case, the degradation of the cluster was faster than N2 purged water. This increased degradation rate is expected when excess oxygen is present along with excess ligand. To understand the true effect of O2, an oxygen scavenger was used to scavenge the O2 in O2 rich water and the degradation study was performed in O2 depleted water. Ascorbic acid (AA) is a well-known oxygen scavenger in aqueous system. The cluster was stable in ascorbic acid for sufficiently long time without any change ( Figure S11 ). About 1 mM of AA was added in O2 rich water and the degradation kinetics was comparable with N2 purged system which signifies that there might be synergetic effect of higher concentration O2 along 8 excess ligand although O2 alone could not degrade the cluster in the absence of excess ligand. To confirm this claim, the reaction was conducted in ITC where O2 purged water was used as the diluent for the cluster as well as GSH. The thermodynamic parameters obtained from the experiment are listed in Table 5 (see Figure S12 ). The data clearly show that dissolved oxygen does not contribute to the degradation process to a large extent. However, there could be small contribution from oxygen, which cannot be evaluated by the current experimental setup. Although we have studied the role of oxygen in detail but we note that complete removal of oxygen was not possible in normal atmospheric conditions. There could always be some oxygen, which may be involved in the degradation or to catalyze the process. From the present study it cannot be confirmed which pathway is more favorable. We believe that there could be multiple other pathways involved in this process. However, the current experiment shows a path to understand the stability and reactivity of such cluster systems and may shed light into their lower stability compared to their thiolates or nanoparticle analogues.
Figure 6:
Degradation of Ag11(SG)7 cluster at various condition studied using UV-vis absorption spectroscopy. The absorbance values at 485 nm were normalized and plotted against time.
Apart from the equations stated above, the following reactions may happen during the degradation (considering involvement of O2 in the degradation process):
Considering an alternate pathway (without the involvement of oxygen):
And polymerization of AgSG mAgSG →(AgSG)∞ could also occur. Comparison among thermodynamic parameters of 1 mM Ag11(SG)7 vs. 7.5 mM GSH with and without O2 purging.
Other Thermodynamic Parameters
We have studied other thermophysical properties such as density (ρ), speed of sound (u), isentropic compressibility (βs=1/ ρ. u 2 ) and coefficient of thermal expansion (α) for both the reactants and products (see Figure S13- number of Ag atoms are present in 1 mL of Ag32(SG)19, Ag11(SG)7 and AgNP, respectively. Considering that the contribution of total density is through the heavier Ag atoms, almost similar density is expected for all the reactants. We also have observed almost the same (experimental) density in the reaction condition. When the thiolates are formed, due to their small size, the compactness is more compared to its starting materials, which enhances the density significantly. As Ag32(SG)19 degradation leads to more number of smaller thiolates compared to Ag11(SG)7 and AgNP (at the concentration used for each sample), the product density is more in the case of Ag32(SG)19 + GSH. The higher values of sound velocity in the case of thiolates (Ag11(SG)7 + GSH, Ag32(SG)19 + GSH) also reveals that thiolates are packed more tightly as compared to corresponding clusters.AgNO3and AgNO3+GSH show almost equal sound velocity, probably due to similar structural arrangements. By considering the uncertainty associated with the measurements, the thermal expansion coefficients (α) of the studied systems indicate that there is an equal effect of expansion when subjected to temperature. Furthermore, the isentropic compressibility (βs) data indicate that thiolates are less compressible as compared to corresponding clusters and the values decreased from AgNO3 + GSH to Ag32(SG)19 + GSH as the number of small size thiolates increased. As most of the parameters are highly dependent on concentration and not exactly on the nature of the sample, some of the data are quite similar.
SUMMARY AND CONCLUSIONS
In summary, we have studied thermodynamic properties of monolayer protected clusters for the first time. Reaction of excess ligand with clusters and NPs formed thiolates which were identical irrespective of the starting materials, as revealed by UV-vis absorption spectra and mass spectra. All the reactions were thermodynamically favorable and mostly enthalpy driven. We have performed detailed concentration and temperature dependent reactions for clusters and compared the data with nanoparticles. From the concentration dependent study, it was confirmed that the rate of degradation of clusters to thiolates is directly proportional to the concentration of excess ligands present in the medium, although the rate differs for different clusters as seen for Ag32(SG)19 and Ag11(SG)7. The rate of degradation was enhanced at higher temperature.
9
From the data it is clear that clusters possess intermediate stability compared to metal ions and NPs. Dissolved oxygen does not have much effect in the degradation process although slight enhancement in the rate of degradation was observed. This study would help to choose the right cluster system for different applications in solution. Although the exact mechanism of degradation is not fully understood from the current study, this is the first attempt towards understanding such a complex phenomenon using calorimetric approaches. Several other cluster systems should be tried to obtain one-to-one correlation between various factors responsible. The pH decrease observed may happen due to some other factors also which could not be understood from the present study. Further extension of this study to organic-soluble gold and silver clusters would reveal the enhanced thermodynamic stability of some clusters. The current finding of ligand induced degradation in solution will give an idea about the applicability of the specific cluster in realistic situations. Once the reaction with the same ligand which protects the cluster is understood in detail, the studies may be extended to other ligand systems.
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